Abstract-This
Passivity-Based Control of Switchedcost, high reliability, and dc-like output voltage [1] . Moreover, they do not need a gearbox due to their high pole structure, which allows wind turbines to be installed also in environmental conditions which could be very challenging for the gearbox [2] . Since modern loads require a dc input, dc-based architectures provide a more natural option for integration of most new distributed generation sources and energy storage devices that provide an inherently dc output. However, the dynamic interaction effects of distributed generation sources and loads are the main source of instability in dc microgrids.
The self-excitation operation of a switched reluctance generator (SRG) tends to become unstable, when the dc-link energy is not sufficient to excite the SRG phases under heavy load conditions, or when the back electromotive force (EMF) is higher than the source voltage. The instability problem is aggravated by the integration of a variety of tightly regulated power electronic converters as the constant power load (CPL) and nonlinearity due to negative input resistance. An SRG-based dc microgrid with a dc-link ripple reduction is proposed in [3] in which proportional-integral (PI) control and an energy storage system is used. However, the interaction effect of the nonlinear dynamic characteristics of WECS and CPLs on the stability of the output voltage has been ignored in this microgrid. The performance of SRG-based aircraft power systems in the presence of a CPL was studied using a behavioral modeling in [4] but no solution was proposed for reducing the dc-link fluctuations. For the abovementioned control strategy, the uncertain SRG parameters were linearized and the stability of the output voltage was ignored. Due to the unstable characteristics of CPLs, linear stabilization methods are not effective and nonlinear large-signal analysis are only being used.
In [5] , a passive stabilization method is used using passive components such as RC and RL parallel dampers, which is plagued by reduced system efficiency. To avoid reduced efficiency, an active damping approach is proposed in [6] by injecting a compensating current using an auxiliary line regulating circuit, which makes the system complicated. In [7] , an efficient method is proposed for reducing the CPL effect as an active damping by increasing the load resistance based on a supercapacitor energy storage system. The sliding mode control has also been applied as a different active damping approach for the control and large signal analysis to enhance 0278-0046 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the output voltage stability [8] . A variety of active damping methods have been proposed to eliminate excess energy in the dc-link during severe transients [9] . Many studies have been devoted to the evaluation of SRGbased WECS performance [10] . However, the time-varying uncertainties associated with the complicated dynamic model have not been duly considered. Unlike other common ac generators, the back EMF of SRG in the generating process is a timevarying, position-dependent voltage source that results in a complicated model that cannot be ignored in the maximum power point tracking (MPPT) strategy as has been the case in largescale WECSs. Although small-signal analysis methods provide an effective way to investigate the stability at the equilibrium point, they cannot be employed in the presence of time-varying back EMF dynamics. The passivity-based control (PBC) has been instead proposed as a useful large-signal stability analysis method with robustness against parameters uncertainties. Moreover, PBC using port-controlled Hamiltonian system and EulerLagrange modeling has been proposed to provide a generalized integrated structure focus on source dynamic [11] , and on load dynamic [12] . A classic PBC is designed [13] for small-scale WECS systems considering the generator dynamics. However, the MPPT and dc-link voltage control has been designed without taking into account the CPL effect.
In this paper, a new approach is proposed for the control of self-excited SRG in a small-scale WECS. To achieve voltage stability enhancement and voltage ripple reduction as well as the MPPT operation, the PBC is designed through Euler-Lagrange system (ELS) realization. Conventional MPPT control methods are based on a linearized model of the system about an operating point and ignore the back EMF nonlinear terms by treating them as disturbance ones. The proposed PBC-based MPPT method is inherently nonlinear and covers a wide range of operating points, while both back EMF nonlinear terms and the controller design procedure are considered in the model. The system-level Euler-Lagrange (EL) modeling of SRG-based dc microgrid is fulfilled with regard to the interaction of SRG and nonlinear CPL. Also, in order to take into account the SRG uncertainty in the position-dependent time-varying back EMF, an adaptation mechanism is added to the PBC method. Finally, the validity and effectiveness of the proposed control approach are demonstrated through simulation and experimental results.
II. DYNAMIC MODEL OF DC MICROGRID SRG-BASED WECS
The overall layout of the proposed SRG-based WECS structure is shown in Fig. 1 . The dc microgrid circuit includes an energy storage, a bulk dc-link capacitor, and a CPL which is directly connected to this link. It is assumed that the SRG operates in the self-excited mode and is connected to the dc-link considered as a dc-dc integrated boost converter. The storage unit, including the lead-acid batteries, is connected to the dclink through a dc-dc bidirectional converter. Lead-acid batteries presently form the dominant, economically viable energy storage technology offering such advantages as low price, stable performance, and operation under a wide range of temperatures. The use of a bidirectional converter in the proposed system is based on the following reasons: 1) the dc-link voltage is not necessarily equal to that of the battery under all conditions; and 2) in the case of supplying CPL, the dc-link voltage fluctuations are severe and the charge and discharge of the battery experience higher ripples. The use of the converter will, therefore, help mitigate these fluctuations via a feedback control loop.
A. Dynamic Model of Wind-Driven SRG
The basic sets of electrical and mechanical differential equations are used for dynamic modeling of SRG. The mechanical torque, T m , applied to the wind turbine shaft is as follows:
where ρ is air density, A is the area swept by the blades,
is the tip speed ratio (TPR), and V ω is the wind speed. R and ω m denote turbine blade radius and shaft's rotational speed, respectively. The generator state-space dynamic model can be expressed by
where u is the phase voltage, i denotes the phase current, r stands for the phase resistance, J is the inertia, and j = 1, 2, 3, 4 stands for each phase of the machine. The phase inductance function, L j (θ), is usually obtained by a lookup table. Assuming that the machine operates at relatively low current levels, it is functionally approximated using
where θ denotes the rotor position, l 0 > l 1 are positive values, N r is the number of rotor poles, and k j (θ) is defined as
Finally, the SRG phase torque T e is expressed by 
B. Aggregated Dynamic Model
At a CPL when the input voltage increases, the current decreases, and vice versa. Thus, this equipment has a negative incremental resistance, which can lead to declining damping and instability. The asymmetric converter in the self-excited operation mode can be considered as a dc-dc integrated boost converter as shown in Fig. 2(a) . The dc microgrid structure with the equivalent one-phase self-excited boost operation of SRG is shown in Fig. 2(b) . The overall dynamic state equations of the system can be represented by
where d j and d b denote the switching signal as the control input to the SRG converter and the bidirectional converter, respectively, V c is the dc-link voltage, C dc is the dc-link capacitor, i b is the battery current, R b is the battery internal resistance, L b is the bidirectional converter inductance, and i cpl = P cpl /V c is the current of the CPL. The time constant of the batteries used is about 800 ms but the system dynamics is in the order of 100 ms. Thus, the battery can be envisioned as a constant voltage source, V b , within the frequency range of the system dynamics. The self-excitation operation of the SRG has a tendency toward instability in heavy loads when the dc-link energy is not sufficient to excite the SRG phases. The frequency response of the SRG small-signal model in light (260 W) and heavy (1200 W) loads is shown in Fig. 3 (a) and (b). As elaborated in [4] , the transfer function of the SRG can be obtained based on system identification techniques. However, since there is no need for the analytical form of the transfer function, the numerical method based on MATLAB/Simulink linear analysis toolbox [14] is preferred for obtaining the frequency response. The SRG current and the dc-link voltage are considered as input and output variables, respectively. The cause underlying the instability observed is the CPL, which exhibits a negative resistive behavior. The adverse effect of this negative resistance becomes significant especially at heavy CPLs. It is clear from Fig. 3 that the phase margin starts from 34.8
• for a light load down to zero for a heavy load. Moreover, as shown in Fig. 3(b) , the phase diagram starts from a phase lower than −180
• , which is shown two poles at the origin and the system is, therefore, unstable.
III. PROPOSED PASSIVITY-BASED CONTROLLER DESIGN OF STUDIED DC MICROGRID SRG-BASED WECS
The SRG-based dc microgrid is inherently a nonlinear system with a coupled dynamic model, the operating point of which is widely changed in WECS applications. The PBC is introduced to achieve stability by energy shaping and damping injection through an energy function as a Lyapunov-like function minimized at the desired equilibrium points. In order to design the dclink voltage and the speed control of the SRG, the EL representations of (7) to (10) are derived as an integrated mathematical model to describe the dynamics of the aggregated wind-driven SRG and bidirectional dc-dc converter which is supplying CPL. However, the limitation of the proposed PBC is that it is not appropriate when the location of storage unit is far from the wind turbine. The speed of the SRG is controlled to achieve MPPT only through generator controller, while the dc-link voltage is controlled using both generator and dc-dc converter controllers considering SRG and CPL dynamics, simultaneously. In fact, the controller of the dc-link is designed based on the proposed integrated PBC considering the effects of SRG, energy storage, and CPL. T , the system in (7)- (10) can be described in the form of an ELS [15] Dẋ
A. ELS Model
where
The dissipation effects are captured by the matrix R T (x) = R(x), where
Moreover, the interconnection structure is captured by the matrix J(u, x) as
in which the skew-symmetric condition is held as
B. DC-Link Voltage Control Supplying CPL
The dc-link voltage controller is designed considering all relevant dynamics of SRG, and energy storage. The presence of CPL further increases the nonlinearity of the bidirectional converter system, which in turn increases the challenge for the control. In such a situation, controllers designed through linear approaches are insufficient, and the controller of the SRG and bidirectional converter should have sufficient stability margins to ensure the stability in a large-signal sense. Therefore, the main advantage of the proposed PBC is to consider all of the system dynamics in a unified control design algorithm to dclink voltage ripples reduction and improving its stabilization. The first step is to modify the Hamiltonian function assigned to the closed-loop system by the following energy function
Taking the derivative yieldṡ
With the propertyx T J(u, x)x = 0 and selecting
, and due to the negative slope of the SRG inductance profile which yields k j (θ) < 0, we haveḢ(
where λ and η are positive constants. This means that the system is strictly passive and that the error exponentially tends to zero as a result of the PBC, which demonstrate the intrinsical stability of passive type system. The states of the nonlinear dynamic model developed in (11) can be decomposed into a controlled state x c and the free states
With such a subdivision, the equation describing the control (11) may also be divided up as follows [16] : 
For the regulation problem, it is observed thatẋ 
where the free mode dynamics, x d f , is expressed bẏ In fact, the internal generated dc-link voltage dynamic is denoted by superscript (d) against the externally fixed reference battery current which is denoted by superscript ( * ) [17] . Consider (13) with the following parameters:
This constructs the desired system expressed by
From (16), the control input u c = d b can be calculated as
The dynamics of the desired free variables used in the control law is obtained from (16) and (17) as follows:
To ensure internal stability, it is necessary to prove that the zero dynamics of the system's output (i.e., state of the system that has been fixed) is asymptotically stable [18] . The conditions for the internal stability of (17) should be taken into account when the dc-link voltage is the output. The system is then asymptotically stable at the equilibrium point i * b . When the error is zero, (18) can be rewritten aṡ
Substituting u b from (17) in the above relation yieldṡ
The relation derived from the requirement that the stable equilibrium point is achieved will be as
C. MPPT Realization
The initial step in the PBC design involves the tracking of the generator's voltage toward its desired value. However, the wind-driven SRG controller is designed to achieve the MPPT, this controller beside the energy storage controller is used for controlling the dc-link voltage, simultaneously. In this process, based on the guaranteed stability of dc-link voltage, the PBC is designed to control the rotor speed of the wind generator at its optimum value of ω T , which exhibits the system dynamics depending on the control input. Relation (13) can be used for the second subsystem as follows:
The second dynamical Euler-Lagrange subsystem including dc-link, CPL, and SRG can be represented by
From (19) , the scalar differential equations of the second subsystem can be expressed as
From (20), one can calculate the control input
The dynamics of the desired free variables used in the control law are obtained from (20) and (21) aṡ
In order to prove the stability of the internal dynamics, it should be shown that the dc-link voltage and speed, as the outputs, are asymptotically stable at the equilibrium points i * j . Assuming V c = V * c and ω m = ω * m , (9) can be expressed
By substituting the value thus obtained in (7), one obtain the following relation:
The relation obtained based on the requirement that a stable equilibrium point is achieved will be as follows:
Based on the inequalities thus obtained, it may be concluded that the quantity of CPL should be less than net output power of the generator and the battery pack in order to ensure internal stability [19] . The damping injection formed by R i is used to mitigate the dc-link voltage fluctuations and undershoots, while also improving the stability margin of the system. Higher values of damping parameters provide smaller voltage ripples, dips, or overshoots. On the other hand, there is a tradeoff between the smoothness and the speed of the tracking error convergence. The damping injection factor, R i , should be selected between maximum and minimum damping bounds. The upper and lower bounds used in the implementation of PBCs are calculated by algebraic analysis [16] , [18] .
IV. PROPOSED ADAPTIVE PBC FOR THE ESTIMATION OF UNCERTAIN SRG PARAMETERS
As already mentioned Section II above, L j (θ) and k j (θ) can be approximately calculated by (4) and (5), which is suitable for the low currents prior to the saturation region. In this section, an adaptive technique is presented to estimate these unknown parameters of SRG based on the proposed PBC method to overcome this type of parametric uncertainty. Unlike conventional methods, an adaptation mechanism is added to PBC which yields the novel adaptive classic PBC method as an alternative to other usual adaptive PBC methods [20] . In fact, in the proposed adaptive PBC method, the controller design and adaptive mechanisms are aggregated. This is possible when the system is linear with respect to the estimated parameters. In this case, the Lyapunov stability is ensured as described below. By defining the vector P as the real parametric vector to be estimated,P becomes the related estimated value. The error of parameters is defined asP = P −P , with the property˙ P = −Ṗ . The difference between two ELs, the subsystem that includes both the real and the estimated parameters, can be expressed by
where Δ(·) = (·) − (·) denotes the error and if it converges to zero, stability is ensured. It is assumed that the system is linear in relation to the estimated parameters. Rearranging the righthand side of (23) by rewriting the parameter estimation error P as
A candid Lyapunov function is defined as
where Γ is a positive semidefinite diagonal matrix. Using the properties of the passive system defined, the Lyapunov function derivative is obtained aṡ
(26) Hence, for V (x,P ) to be a Lyapunov function, relation (27) below must hold
In this case, the control error converges to zero and the estimation error is stabilized around an equilibrium value. Condition (27) implicitly defines the parameter estimation laẇ
The values of the diagonal positive semidefinite matrix Γ −1 define the estimated convergence speed. The adaptive PBC thus developed is used to enhance the PBC designed here by estimating the time-varying parameters. Considering that L j (θ) and k j (θ) are the actual values of parameters to be estimated, the error parameters
could be defined, in whichL j (θ) and k j (θ) are the estimated values. Therefore, the error matrixes involved in the Euler-Lagrange representation of (11) The first step is to use relation (24) with the defined error matrixes as inL
which may be rendered in the matrix form below
Using (28), the parameter estimation law is calculated as
The positive constant parameters of matrix Γ −1 , i.e., g 1 and g 2 , are selected based on the desired rate of estimation. To avoid oscillations, it is advantageous to use the minimum values that provide an acceptable estimation. Due to the existence of derivatives in the dynamics of L j (θ), the term g 2 should be selected small enough to avoid oscillations.
V. PERFORMANCE EVALUATION

A. Description of the Study System
In order to evaluate the proposed PBC scheme, an SRGbased dc microgrid WECS system with the detailed parameters summarized in Table I is studied both experimentally and by simulation. The overall PBC for the dc-link voltage and speed control based upon back EMF parameter estimation is shown in Fig. 4. Fig. 5 shows the experimental setup that is provided to verify the performance of the proposed PBC. The battery pack consisting of four series of 12 V, 50 Ah Lead-Acid batteries with R b = 0.015 Ω is connected to a dc-link capacitor C dc = 400 μF through the bidirectional dc-dc converter with L b = 0.63 mH and switching frequency of 10 kHz. The wind turbine properties are as follows: ρ = 1.225 kg/m 3 , λ opt = 8.1, and C p max = 0.35. As can be seen in Table I , the mechanical damping coefficient of SRG equals the very low of 0.00013 Nms which may be neglected in the controller design. The validity of this assumption is verified by simulation and experimental results. The experimental SRG drive hardware is based on a floating-point TMS320F28335 DSP and consists of the following sections: 1) an asymmetrical converter is implemented by using IXYS 35N120A IGBT with a gate driver TLP250 and fast power diodes IXYS DSEI20-12 A; 2) Hall-type galvanic isolation CSNE151-104 Honeywell sensors for measuring the phase currents; and 3) a 10-bit absolute encoder Autonics EP50S8 used to determine the rotor position. To emulate a wind turbine, a coupled 3.7-kW dc machine is controlled through an ATmega16 AVR microcontroller-based drive with the full-bridge converter. is given in Appendix. The turn-ON angle is assumed to be constant and equal to 3
B. Results and Discussion
• . Moreover, the first and second turn-OFF angles are 8
• and 23
• , respectively. In fact, as the main objective is not to maximize the generated power by the SRG, the switching angle is assumed to be constant. To achieve a maximum generated power with a minimum current ripple, a switching angle control algorithm should be used [21] . In this paper, the duty cycle d is the only parameter used in the PWM control approach to mitigate the CPL instability effect, similar to the approaches used in [22] . This method is appropriate for SRG in the low-speed wind applications. To investigate the performance of the control system, a time series of turbulent dynamic wind speed is applied to the WECS as shown in Fig. 6 . The performance of the proposed PBC method at different damping injection factors is investigated by obtaining the simulation results for the proposed PBC when CPL is increased from 260 to 720 W in t = 10 s, as an external disturbance and considering the limits in the applied CPL values to ensure both stable equilibria and internal stability of the controllers (17) and (21) . The speed and dc-link voltage are shown in Fig. 7(a) and (b) , respectively, when the additional damping terms are R i1 = R i2 = 1/R i3 = R i4 = 1 and R i1 = R i2 = 5, 1/R i3 = R i4 = 10, both of which are lower than their calculated maximum upper bounds. Fig. 7(b) shows the speed and the dc-link voltage with higher damping injection parameters; this allowed the wind profile to be tracked better than the PBC with low damping injection parameters shown in Fig. 7(a) .
Clearly, increasing CPL to 720 W leads to a greater fluctuation in the speed and dc-link voltage when the damping injection terms are small. The increased nonlinearly of the system due to the increase in the CPL causes an error in the period of high applied CPL. A considerable robustness is achieved against the external load increase with increases in damping injection factors. The speed controller ensures the MPPT operation via the TSR technique [23] . It is seen that the oscillations in the speed response and phase current are lower when high damping injection terms are applied.
The frequency response is obtained after applying the proposed PBC, as shown in Fig. 8 . The bode plot in Fig. 8 shows the phase margin increased from 34.8
• to 90
• in the increased bandwidth of 4340 Hz. The stability margin is improved, indicating the passivity of the converter for the target frequency spectrum. The delay phenomenon due to A/D sampling time, DSP calculation, and PWM pattern generation are well investigated [24] . Based on the findings reported, the delay for this system can be modeled by e −sT d , where T d = 1.5T sw and T sw is the switching period. In our case study, where f sw = 10 kHz, the total delay will reduce the phase margin from 90
• down to 50
• for a bandwidth of 4340 Hz, which is still above 45 • , and is considered to be a safe margin.
2) Experimental Findings: To evaluate the performance of the proposed method, PBC with different damping injection terms is compared with a well-designed PI controller. Fig. 9(a) shows the measured values of steady-state dc-link voltage, onephase current, and battery current in the charging mode when the power of the load is 260 W with applying PI controller. To illustrate the effectiveness of the proposed PBC method, Fig. 9(b) and (c) compares the results for the damping terms of R i1 = 1/R i3 = R i4 = 1 and R i1 = 1/R i3 = R i4 = 10, respectively. The capability of the proposed PBC in voltage control is more clearly realized when higher damping injection factors are applied, in which case a considerable robustness is achieved against the external CPL. Fig. 9 (d) depicts this by showing the desired improvement during dc-link voltage and battery current fluctuations in the transition from a low to a high damping injection value. In all cases, the required CPL is lower than the generated power. Therefore, the extra power is injected into the battery and causes the battery to charge, with the positive sign of the battery current.
To study the robustness when the load experiences a high step, Fig. 10(a) and (b) can be used to compare the dc-link voltage and battery current with low-and high-damped PBC with increasing CPL to 1200 W. As can be seen in Fig. 10(b) , when optimum high damping injection terms are applied, the dc-link voltage is stable, and do not reset to the battery voltage value which is contrary to the condition shown in Fig. 10(a) . It can be seen that in the case of using optimum-damped PBC, the bidirectional converter changes from charging to discharging mode whenever dc-link voltage is decreased to the battery voltage in the high CPL.
The experimental results obtained for the variable turbulent wind speed control are presented in Fig. 11(a) and (b) . The dc-link voltage and the generator speed related to the predefined time-varying wind speed profile are illustrated for both low and high CPL levels when the CPL increases in t = 10 s. Fig. 11(a) demonstrates the SRG-based WECS performance with low damping factors, while Fig. 11(b) shows the results when the optimum higher damping injection gains are applied. According to Fig. 11(b) , CPL variations will affect neither the MPPT nor the dc-link voltage control performance when an optimum high damping injection is employed. The dc-link voltage is controlled while the wind speed exhibits significant variations. However, higher voltage ripples are observed at the high CPL step.
The results of using the PBC indicate a good tracking, with no overshoot or undershoot in the generator speed by using the proposed PBC. Based on these results obtained, the PBC is well capable of controlling the system with acceptably low ripples in speed and voltage and with a fast dynamic while also converging to the command with a near zero steady-state error.
VI. CONCLUSION
This paper conducted a system-level modeling of the SRGbased dc microgrid considering the interaction of SRG and CPL dynamic characteristics. A complete Euler-Lagrange mathematic model of the SRG-based dc microgrid was provided as the interconnection of the two electrical and mechanical passive linked subsystems. Considering the two subsystem passivity properties, an MPPT was developed based on speed control and dc-link voltage regulation using a proposed EL-based PBC technique. As the uncertainty associated with the physical structure of the SRG was taken into account by means of an adaptation mechanism, the MPPT was able to overcome its inherent complicated dynamic characteristics and input voltage variations. The active damping injection in the system through the PBC The desired reference command for battery current can be determined from the steady-state solution of (9) as
where (1 − d b ) is obtained from the steady-state solution of (8) as
Substituting (32) in (31), we deduce the following quadratic equation:
Then, the desired reference command for battery current is obtained by solving (33) for i * b as
(34) where (1 − d j ) is substituted from (7) under a steady-state condition. The average value of back EMF coefficient, which is used in (34) is −0.15. Fig. 12 shows the graphs of boundaries for i * b based on (34) considering the variation of the wind speed and CPL. The graphs show that the battery current reference is changed as a function of the capture wind power and the consumed power by CPL. Based on these graphs, i * b is selected as −1 A in discharging mode and 7 A in charging mode.
